Purpose Factors that differentially regulate oocyte and granulosa cell growth within the early preantral follicle and how these factors differ at each stage of follicle growth remain poorly understood. The aim of this study was to isolate and evaluate the effect of recombinant growth and differentiation factor 9 (GDF9) on oocyte and granulosa cell growth at the primary and early secondary stages of preantral follicle growth during in vitro culture. Methods Primary stage follicles (diameters of 50-89 μm) and early secondary stage follicles (diameters of 90-120 μm) were isolated from immature mice, and individual, intact follicles were cultured in vitro in the presence and absence of recombinant GDF9. The effects of GDF9 on follicle growth were determined by the assessment of changes in the follicle volume during culture. The growth of the granulosa cell and oocyte compartments of the follicles was evaluated separately at each stage. Results GDF9 significantly increased the growth of isolated follicles at both the primary and early secondary follicle stages. Independent evaluation of the granulosa cell and oocyte compartments revealed that, while GDF9 promoted granulosa cell growth at both stages of folliculogenesis, oocyte growth was stage specific. GDF9 promoted growth of the oocyte at the primary, but not the early secondary, follicle stage.
Introduction
Folliculogenesis is a highly dynamic process involving coordinated growth of the oocyte and surrounding granulosa cells by a complex regulatory network of autocrine, paracrine, juxtacrine, and endocrine factors [1] [2] [3] [4] . Although the molecular and cellular mechanisms by which antral follicle development is regulated are well documented, the factors and pathways involved in early preantral follicle growth and development remain poorly understood and difficult to study in isolation. It is clear, however, that the oocyte factors play a vital role [4] [5] [6] .
Growth and differentiation factor 9 (GDF9), a member of the transforming growth factor-β superfamily, is implicated as a local factor with critical roles at multiple stages of follicle development, including promoting follicle growth from the primary to secondary stage [6] [7] [8] [9] [10] [11] . GDF9 is expressed by growing oocytes beginning at the primary stage across a range of species, from rodents [12] [13] [14] [15] to humans [16] , and is required for growth of the primary follicle as knocking GDF9 out in mice results in arrest of folliculogenesis at the primary stage [17] . A similar phenotype was also observed in sheep with homozygous mutations in GDF9 [18] [19] [20] . GDF9 might also play a role at the primary stage in human folliculogenesis, as follicles of women with PCOS have decreased GDF9 expression and demonstrate a slowing of the primary to secondary follicle transition [21] [22] [23] . Studies to define GDF9 effects on follicle growth in culture have shown mixed results. GDF9 treatment during culture of whole ovaries specifically promoted the growth of primarystaged follicles but had no detectable effect on the growth of secondary-staged follicles [24] . In contrast, studies in which isolated follicles were cultured with recombinant GDF9 reported no effect of GDF9 on primary follicle growth when given in a cocktail of oocyte factors [25] while others observed a significant effect on the growth of secondary follicles [14] . In addition, neither of these studies evaluated the effects of GDF9 on the granulosa cell and oocyte compartments independently. While it has been shown that GDF9 can promote growth of isolated granulosa cells in culture [26] [27] [28] , studies in GDF9 null mice suggest that it acts to inhibit, rather than promote, growth of the oocyte [29] . The effect of GDF9 alone on the oocyte and granulosa cells during the earliest stages of preantral follicle growth, therefore, remains unclear.
To isolate and investigate the effect of GDF9 on the oocyte and granulosa cells during preantral follicle growth, we adopted an established in vitro follicle culture system for the culture of single, isolated follicles encapsulated within a three-dimensional alginate hydrogel matrix [30] [31] [32] [33] [34] . By removing the effects of the surrounding somatic cells and adjacent follicles, these methods of in vitro follicle culture also provide an effective system in which to investigate the role of single factors in early follicular development [30, 33, 35, 36] .
The three-dimensional culture system we utilized has been used successfully to grow multilayer secondary follicles from mice, non-human primates, and humans [30, 31, 33, 34, [37] [38] [39] [40] and has been shown to support cell-to-cell interactions within the oocyte-granulosa cell complex and maintain the three-dimensional structure of follicles [35, 41, 42] . In mice, the system has been used to successfully grow multilayer secondary follicles to mature eggs that were fertilized and gave rise to viable, fertile pups [30] . Sustained growth of early follicles-specifically, late primary and early secondary follicles-to the antral stage has been achieved in vitro with organ culture [24, [43] [44] [45] or coculture of isolated follicles with ovarian stromal cells [46] [47] [48] [49] , mouse embryonic fibroblasts [50] , multiple other follicles [25] , or supplemented media [51] . Together, these findings suggest that follicle growth at the primary and early secondary stages is enhanced by, and perhaps dependent upon, factors from the surrounding ovarian environment in addition to the critical role played by the oocyte-derived factor GDF9 [6, 7, [17] [18] [19] [20] [21] [22] [23] .
In this report, our aims were to investigate the role of stimulation with the oocyte factor GDF9 on the growth of early preantral follicles at the primary and early secondary stage and to independently evaluate effects of GDF9 on the granulosa cell and oocyte compartments at each stage. The use of the three-dimensional alginate system for in vitro culture allowed us to isolate and evaluate the effects of recombinant GDF9 in the absence of effects from ovarian stromal factors or adjacent follicles.
Materials and methods

Animals
C57/Bl6 mice used for these experiments were purchased from Charles River Laboratories (Wilmington, MA). Mice were housed in a temperature-and light-controlled environment (12 h light/12 h dark) and provided with food and water ad libitum. The University of California, San Diego, Institutional Animal Care and Use Committee approved all animal protocols.
Validation of the in vitro culture system
Preliminary experiments to establish and validate the published in vitro culture system were performed as described by Xu et al. [30] . Specifically, follicles were mechanically isolated from mouse ovaries using insulin-gauge needles in dissection medium (Leibovitz's L15 medium (Gibco, USA) supplemented with 1 % fetal bovine serum (Gibco, USA) and 0.5 % penicillin-streptomycin (Cellgro, USA)). Primary and early secondary follicles were isolated on postnatal days 10-12. Multilayer secondary follicles were isolated on postnatal days [13] [14] [15] [16] . Intact follicles at each stage free from surrounding stromal cells were washed and maintained in maintenance medium (Minimum Essential Medium Eagle Alpha Modification (αMEM) (Gibco, USA) supplemented with 1 % fetal bovine serum and 0.5 % penicillin-streptomycin) and individually encapsulated in sodium alginate hydrogel (NovaMatrix, Norway). Each oocyte was washed through two drops of alginate and then transferred into the middle of a single 5-μl 0.5 % sodium alginate droplet. The droplets were immersed in a solution of 50 mM CaCl 2 /140 mM NaCl for 1 minute to allow cross-linking of the alginate. Each alginateencapsulated follicle was then washed in a growth medium (αMEM supplemented with 1 mg/ml bovine fetuin (Sigma, USA), 5 μg/ml insulin (Sigma, USA), 5 ng/ml selenium (Sigma, USA), 5 μg/ml transferrin (Sigma, USA), and 3 mg/ml bovine serum albumin (BSA) (MP Biomedicals, USA)) and was transferred to a separate well of a 96-well plate containing 100 μl of growth media with or without the treatments indicated. Sodium alginate and fetuin were prepared as previously described [30] . All follicles were maintained at 37°C throughout isolation and encapsulation. Encapuslated follicles were cultured at 37°C in 5 % CO 2 . Fifty percent of the media was exchanged with fresh growth media with and without the treatments indicated every 2 days. As a test and validation of the in vitro culture conditions, the follicles were cultured in the presence and absence of a recombinant human follicle-stimulating hormone (FSH) (A.F. Parlow, National Hormone and Peptide Program, National Institute of Diabetes and Digestive and Kidney Diseases, USA) at a concentration of 10 mIU/ml (1 ng/ml) as previously published [30] for the times indicated in each figure.
Effect of GDF9 on early preantral follicle growth
To examine the effect of GDF9 on primary and early secondary stage follicles, the follicles were cultured using the protocol as for FSH above except that the follicles were cultured with recombinant mouse GDF9 (R&D Systems, USA) in place of FSH at the concentration indicated in each figure or in media alone.
Assessment of follicle growth and survival
During follicle culture, the follicles were imaged and measured on the days indicated in each figure using an inverted microscope with transmitted light and phase objectives (Leica, Bannockburn, IL, USA). The volume of the oocyte was calculated based on the diameter of the oocyte. Follicle and oocyte diameters were measured from the obtained images using ImageJ 1.33U (National Institutes of Health, Bethesda, Maryland) and a calibrated ocular micrometer. The reported diameters represent the average of the maximum diameter and a second diameter measurement taken perpendicular to the first. The granulosa cell volume was determined by subtracting the volume of the oocyte from the volume of the entire follicle. Oocyte diameters are exclusive of the zona pellucida. The volume of each individual follicle, granulosa cell compartment, or oocyte during culture was normalized to its own starting volume for all determinations of volume fold change. Follicle survival was assessed on each day of imaging by morphological appearance; follicles with fragmented, degenerated, or extruded oocytes and/or detached granulosa cells were considered dead.
Histology
Follicles cultured for 12 days to the antral stage were removed from the alginate beads as described previously by incubation in αMEM medium with alginate lyase at 10 IU/ml for 10 min [30] and fixed for 2 h in 4 % paraformaldehyde in PBS at 4°C. Follicles were dehydrated in ascending concentrations of ethanol (10-100 %) and embedded in paraffin by an automated tissue processor (Leica, Mannheim, Germany). Serial 5-μm sections were cut and stained with hematoxylin and eosin.
Staging of primary and early secondary follicles
To determine the follicular stage at various follicle diameters, more than 100 individual follicles of 50-120 μm in diameter were mechanically isolated at postnatal days 10-12 and staged using an inverted microscope with a Hoffman Modulation Contrast objective (Nikon, Melville, NY, USA). The reported diameters represent the average of the maximum diameter and a second diameter measurement taken perpendicular to the first.
Statistical analysis
Comparisons of follicle volume fold change between treatment groups were performed using the Mann-Whitney U test, as distributions did not meet assumptions of normality; comparisons of follicle volumes and fold changes to baseline were performed using the Wilcoxon signed-rank test. Comparisons of survival rates between treatment groups were performed by the chi-squared test of proportions. For both, p ≤ 0.05 was considered to be statistically significant. Statistical analyses were performed using Prism GraphPad.
Results
Staging of primary and early secondary follicles
We first determined the range of the starting follicle diameters encompassing the primary and early secondary follicle stages to allow standardization of the early preantral follicle populations for subsequent experiments. We isolated more than 100 follicles, anticipated to be primary or early secondary follicles under the dissecting microscope. The follicles were subsequently imaged and photographed at ×40 for accurate determination of follicle stage and follicle diameter as shown in Fig. 1a . Follicles were categorized as transitional (single layer of granulosa cells with a mix of squamous and cuboidal subtypes), primary (one layer of cuboidal granulosa cells), one to two layers (more than one but less than two full layers of granulosa cells), or secondary (two full layers of granulosa cells) and plotted by stage and diameter. As shown in Fig. 1b , the range and median diameter of the follicles at each stage were as follows: transitional follicles (n = 13) had a median diameter of 49 μm and a range of 29-70 μm; one-layer follicles (n = 55) had a median diameter of 67 μm and a range of 42-92 μm; one-to two-layer follicles (n = 39) had a median diameter of 100 μm and a range of 81-117 μm; and secondary follicles (n = 16) had a median diameter of 106 μm and a range of 61-127 μm. Based on the observed relationship between stage and follicle diameter, we established the cutoffs used for subsequent follicle culture to define primary (50-89 μm) vs. early secondary (90-120 μm) follicles. As shown in Fig. 1c , most of the follicles (83 %) with starting diameters of 50-89 μm were either primary follicles, with one complete layer of cuboidal granulosa cells, or transitional follicles approaching the primary stage, with some squamous and some cuboidal granulosa cells. In contrast, 90 % of the follicles with starting diameters of 90-120 μm were early secondary follicles, with two complete layers of granulosa cells, or approaching the secondary stage, with more than one but less than two full layers of granulosa cells.
Validation of the in vitro culture system
We next validated and tested the alginate hydrogel matrixenclosed culture system for in vitro follicular culture described by Xu et al. [30] . First, isolated, multilayer secondary follicles (starting diameters of 120-150 μm) were cultured in vitro for 12 days in the presence of 10 mIU/ml FSH. Under these conditions, approximately 75 % of the follicles progressed to the antral follicle stage (Fig. 2a, b) , consistent with previously published results [30] . No significant growth was seen in serum-free media alone without the addition of FSH. We next tested the growth of primary and early secondary follicles in the presence or absence of FSH under these in vitro culture conditions (Fig. 2c) . Little growth of follicles at these earlier stages was observed, particularly in the absence of FSH, providing an in vitro culture system in which the effect of GDF9 stimulation could be tested in isolation.
Effect of GDF9 on early preantral follicle growth
We next investigated the effect of GDF9 on the growth of isolated primary follicles and early secondary follicles in vitro using the conditions established above. We first used a mixture of primary and early secondary follicles to determine a dose-response effect of GDF9 on follicle growth (Fig. 3) . While follicle growth was observed at all doses tested, subsequent experiments were performed with GDF9 500 ng/ml as this represented the lowest dose with the most sustained response and was within the range of doses reported in the literature [28, [52] [53] [54] . We then cultured isolated primary follicles (50-89 μm in diameter, median diameter 77.9 μm at the start of culture) and early secondary follicles (90-120 μm in diameter, median diameter 101.4 μm at the start of culture) in the presence or absence of GDF9 at 500 ng/ml in serum-free media (Fig. 4a) . Measuring the volume of the primary follicles revealed an increase in the volume with GDF9 treatment (peak median increase of 63 %) compared with serum-free media alone (peak median increase of 0.5 %) (Fig. 4b, left panel) . A similar increase in follicle volume was seen with GDF9 treatment of early secondary follicles (peak median increase of 52 %) compared with serum-free media alone (peak median increase of 5 %) (Fig. 4b, between days 1-4. A small cohort of follicles were cultured up to 12 days with no additional growth observed; therefore, culture was performed for only 4 days for all subsequent experiments. Additionally, no increase in either follicle volume or survival was seen with costimulation with GDF9 and FSH beyond that observed with FSH or GDF9 alone in a small cohort of follicles (data not shown) and was not further tested. Follicle survival during 4 days of culture in the presence and absence of GDF9 was 69 and 75 % (p = 0.7), respectively, for primary follicles, and 75 and 73 % (p = 0.9), respectively, for early secondary follicles. These findings suggest a role for GDF9 in the growth of the early preantral follicle at both the primary and early secondary stages.
We next asked whether the growth induced by GDF9 in primary and early secondary follicles represented growth of the granulosa cells, oocyte, or both follicular compartments. As shown in Fig. 5a , the growth of the granulosa cells within the follicles follows the same pattern as that of the follicles themselves, with rapid growth with GDF9 treatment over the first 24 h of culture. The same growth pattern is seen for both primary (peak median increase of 63 % with GDF9 vs. median increase 9 % with serum-free media alone) and early secondary (peak median increase 62 % with GDF9 vs. median increase 9 % with serum-free media alone) follicles. These data demonstrate that GDF9 promotes growth of the granulosa cell compartment of both primary and early secondary follicles.
We also looked at the effect of GDF9 treatment on growth of the oocyte in primary and early secondary follicles. Interestingly, we observed an increase in oocyte volume in the primary follicle in response to treatment with GDF9 (peak whisker plots indicate the median, interquartile range, and minimum and maximum values for the oocyte volume fold change observed in response to stimulation with GDF9 at 500 ng/ml. The follicles were isolated from 6 different mice in at least 3 different experiments with more than 60 follicles evaluated. Dashed horizontal lines indicate baseline at start of culture. *p < 0.05 in Mann-Whitney U test compared to the untreated population on the same day of culture median increase 58 % with GDF9), which was significantly greater than the increase seen without GDF9 (peak median increase 19 % with serum-free media alone), as shown in Fig. 5b (p = <0.01 on day 3 of culture). In contrast, no oocyte growth was apparent with or without GDF9 treatment in the early secondary follicles (peak median increase 25 % with GDF9 vs. peak median increase of 7 % with serum-free media alone). The maximum oocyte diameter did not approach the maximum average diameter of 70 μm expected at the late secondary follicle stage [55] in either group (median 45.2 μm for primary follicles; median 57.9 μm for early secondary follicles). The observed effect on the oocyte at the primary stage was delayed relative to the response seen in granulosa cells, with the maximal difference in response to GDF9 treatment observed on day 3 of culture. Together, these data suggest that different factors promote oocyte growth at the primary relative to the secondary stage and demonstrate that GDF9 plays a role in growth of the oocyte at the primary but not the early secondary stage of folliculogenesis.
Discussion
We have found that stimulation with the oocyte factor GDF9 promotes the growth of isolated follicles at both the primary and early secondary stages during in vitro culture and that it does so in a stage-specific manner. Unexpectedly, while a similar effect on granulosa cell growth was observed at both stages, GDF9 enhanced growth of the oocyte in a stagespecific manner, stimulating the growth of the oocyte only within the primary follicle. Our hypothesis that GDF9 would stimulate growth of primary stage follicles was based on published findings demonstrating complete arrest of folliculogenesis at the primary follicle stage in mice lacking GDF9 [17] . There are at least two possible explanations for the arrest of primary follicle growth observed in the GDF9 knockout mouse. GDF9 might act (i) directly on granulosa cells and/or the oocyte to stimulate primary follicle growth and/or (ii) indirectly by suppressing potential inhibitory effects of the surrounding stromal cells within the ovary. In our in vitro culture system, the isolated primary follicles demonstrated very little growth in the absence of any stimulation, but significant growth with the addition of GDF9. A similar pattern of follicle growth was seen in early secondary follicles in response to GDF9 treatment but not in the absence of GDF9. Together, our findings suggest that GDF9 can act on isolated primary and early secondary follicles to stimulate follicle growth. While the oocytes of the isolated primary and early secondary follicles would be expected to secrete endogenous GDF9 [56] , local concentrations might be diluted and less effective with in vitro culture of isolated follicles. Given that GDF9 acts in an autocrine and/or paracrine manner, the degree to which such dilution might occur cannot be determined using current technology, as it is not possible to quantitate endogenous GDF9 activity. Our findings, however, demonstrate that increasing GDF9 levels with the addition of exogenous GDF9 can stimulate growth of the early preantal follicle during in vitro culture. It is possible that we would have observed larger effects of GDF9 stimulation in the absence of endogenous levels of GDF9. An interesting question for future study will be the degree to which stimulation with recombinant GDF9 during in vitro culture can rescue the block in folliculogenesis at the primary follicle stage observed in GDF9 null mice [17] .
Growth stimulated by GDF9 in both primary and early secondary follicles is rapid and transient, with the effect on growth of the follicle overall seen over the first 24 h. A significant effect on granulosa cell growth was seen at both the primary and early secondary stage. This effect is consistent with multiple previous studies in which GDF9 has been shown to stimulate the proliferation of isolated granulosa cells in vitro [26] [27] [28] . However, no significant further growth of the granulosa cell compartment is seen after 24 h, whereas the oocyte in the primary follicles continues to grow through day 3. Whether the additional growth of the granulosa cell compartment with GDF9 treatment represented cell proliferation, hypertrophy, or a combination of these processes is not known. The follicles remained healthy in appearance in culture for 12 days despite no further growth. That the failure of GDF9 stimulation to achieve a sustained effect on growth of the follicle and granulosa cell growth could potentially be explained by downregulation of receptor levels after 24 h of culture is an interesting possibility that could not be properly tested due to technical limitations. An alternative possibility is that, while GDF9 is required for progression past the primary stage in vivo and can stimulate growth at both the primary and early secondary stages in vitro, the addition of GDF9 alone is not sufficient to advance follicles from the primary to the secondary stage or from the early to the multilayer secondary stage. This would suggest that additional factors from either the follicle itself or from the surrounding stromal cells within the ovary are necessary for sustained growth. This idea is supported by publications that have demonstrated enhanced growth of primary and early preantral follicles in the presence of other follicles or ovarian stromal cells [24, 25, [43] [44] [45] [46] [47] [48] [49] . Whether any of these stromal factors might be induced by GDF9 has not been investigated.
Whether GDF9 acts directly on the oocyte to induce follicle growth, indirectly through the granulosa cell or both, is not clear, given that both granulosa cells and oocytes in primary follicles express ALK5 [57] [58] [59] [60] [61] and BMPR2 [58, 62] , the reported type I [63, 64] and II receptors for GDF9 [65] , respectively. However, it is controversial whether ALK5 is the only type I receptor for GDF9 as Alk5 conditional knockout mice have no defects in follicular development and cumulus expansion [62] , which is a distinct phenotype from Gdf9 null mice [17] . Interestingly, the current data showed that while the maximal effect of GDF9 treatment on granulosa cell growth was seen at 24 h of culture, the maximal effect of GDF9 on the oocyte was relatively delayed at 72 h of culture. This delayed effect is more consistent with an indirect effect. Such an indirect effect could be due to the altered expression of granulosa cell and/or oocyte factors. The determination of genes and pathways in the follicle regulated by GDF9, using recently developed approaches to transcriptome analysis in a low number of cells, will be an interesting line of future investigation and provide insight into the mechanism by which GDF9 stimulates early preantral follicle growth.
Our findings in isolated follicles, where the effect of GDF9 alone could be examined, demonstrate that GDF9 can stimulate oocyte growth at the primary stage. This finding was surprising as the absence of GDF9 in knockout mice resulted in isolated growth of the oocyte without synchronous growth of granulosa cells, suggesting that GDF9 acts to limit oocyte growth in the primary follicle [17, 29] . Based on the finding of elevated production of KIT-ligand from granulosa cells of GDF9 knockout mice [66] , it has been proposed that GDF9 limits, rather than promotes, oocyte growth at the primary follicle stage by suppressing granulosa cell production of KIT-ligand, a factor known to stimulate oocyte growth [67] . However, others have shown increased KIT-ligand expression with GDF9 treatment of isolated granulosa cells [24] . These results suggest the interplay of factors that ultimately regulate oocyte growth in vivo is more complex than previously recognized.
That the effect of GDF9 on oocyte growth is stage specific, stimulating oocyte growth at the primary, but not early secondary stage, was also unexpected. Oocyte growth did not occur with granulosa cell growth in the early secondary stage, despite the fact that the oocytes were not near their maximal expected diameters typically reached during the multilayered secondary stage [55] . Why oocytes in the primary and early secondary follicles demonstrate different responses to GDF9 stimulation is unknown. It is, however, conceivable that germ/ somatic cell communication in response to GDF9 diverges between the primary and early secondary stages of folliculogenesis.
One of several possible explanations for our findings is that GDF9 plays a role in stimulating growth of the oocyte in the primary follicle but that a different factor takes over at the secondary follicle stage to drive oocyte growth. A potential candidate for such a factor is KIT ligand. Consistent with this model, KIT-ligand expression is limited in the primary follicle [66, 68] but significantly higher at the secondary and subsequent stages of folliculogenesis [68] . Further, findings in GDF9 null mice suggested GDF9 might suppress KITligand expression at the primary stage [66] , which suggests a potential mechanism for the observed stage-specific effects.
The relationship between GDF9 and KIT-ligand expression and activity will be an interesting avenue for future study in this in vitro culture system. In summary, the factors coordinating the growth of the oocyte and surrounding granulosa cells in early preantral stage follicles are not fully known, and uncovering the effect of single factors at these early stages is challenging. Taking advantage of an in vitro culture system developed for isolated follicles, we have dissected the effect of GDF9 on folliculogenesis at the primary and early secondary follicle stages. Our findings demonstrate a stage-specific role for GDF9 in the autocrine and/or paracrine regulation of early preantral folliculogenesis, promoting granulosa cell growth at both stages of early follicle development, but promoting growth of the oocyte only at the primary stage. These findings are further evidence that different factors may be required for oocyte growth at each stage of early preantral follicle development.
